Amblyopia or lazy eye is the most common cause of uniocular blindness in adults and 36 is caused by a disruption to normal visual development as a consequence of unmatched 37 inputs from the two eyes in early life, arising from a turned eye (strabismus), unequal 38 refractive error (anisometropia), or form deprivation (e.g. cataract). Using high-field 39 fMRI in a group of human adults with amblyopia, we previously demonstrated that 40 reduced responses are observable at a thalamic level, that of the lateral geniculate 41 nucleus (LGN) (Hess et al, 2009 EJN 29, 1064. Here we investigate the selectivity of 42 this deficit by using chromatic and achromatic stimuli that are designed to bias 43 stimulation to one or other of the three ascending pathways (the parvocellular, 44 magnocellular and koniocellular). We find the greatest LGN deficit is for stimuli 45 modulated along the chromatic, L/M cone opponent axis of colour space, suggesting a 46 selective loss of parvocellular function in the LGN. We also demonstrate a cortical 47 deficit that involves all the visual areas studied (V1, V2, V3, VP, V3A, V4), and we find 48 this is greatest for the two chromatic responses (S cone opponent and L/M cone 49 opponent) versus the achromatic response, as might be expected from a loss of 50 segregation of chromatic pathways in the cortex. 
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Introduction

58
Amblyopia (incidence 3%) is a disorder affecting visual development in humans that 59 results in a uniocular visual loss, in which individuals have impaired visual 60 performance using one eye (the "amblyopic eye") and a normal "fixing" eye. Although 61 in human amblyopia it has been known for some time that the visual deficit originates 62 post-retinally (Hess and Baker 1984; Hess et al. 1985) , it has only recently been shown 63 using functional MRI that the lateral geniculate nucleus (LGN) has reduced responses 64 when driven by the amblyopic eye, indicating a functional deficit at the thalamic level 65 (Hess et al. 2009b ). This result in human vision is striking because the physiological 66 origin of the deficit in animal models has been extensively investigated using single cell 67 neurophysiology and the current consensus is that the neural responses of both the Previously we revealed a functional LGN deficit that is common to all types of 78 amblyopia by using a flickering checkerboard stimulus with combined modulation of 79 luminance and color contrast, mean luminance and chromaticity (Hess et al. 2009b ). The 80 spatio-temporal broadband stimulus used was chosen to maximize the overall activity 81 of the LGN and allow comparisons of monocular activation between eyes, but its 82 disadvantage is that it cannot be used to assess the selectivity of the deficit for the 83 different processing streams that relay information through the LGN. The LGN receives 84 input from at least three distinct retinal pathways: the parvocellular pathway 85 
105
In this paper we make simultaneous fMRI recordings from the LGN and cortex in a 106 group of amblyopic subjects to investigate any selectivity of the LGN and cortical 107 anomalies. Our results suggest that the LGN anomaly in amblyopia is greatest for L/M 108 cone opponent stimuli, indicating that it is selective for parvocellular function. We also 109 find a substantial cortical deficit affecting both striate and extra-striate areas, and we 110
show that this is greater for chromatic as opposed to achromatic stimuli in the ventral 111 pathway. These effects are consistent with a selective parvocellular deficit at the level of 112 the LGN, where parvo, magno, and konio-cellular pathways are segregated, but which 113 translates into a more general deficit for chromatic stimuli as a consequence of the 114 mixing of the information from the two afferent chromatic pathways at the cortical 115 level. 116 117 118
Methods
119
Subjects and stimuli 120
We studied 7 amblyopes selected to cover a range of etiologies including 3 strabismic, 1 121 mixed anisometropic-strabismic, 1 anisometropic, and 2 form-deprivation amblyopes, 122 as detailed in Table 1 . We measured the region of the retina used for fixation in all 123 subjects using visuoscopy (Table 1) and we monitored the fixation eye-movements of all 124 amblyopic subjects while they were viewing the stimulus in a control experiment run 125 outside of the scanner using an in-house video monitoring of the pupil with subsequent 126 off-line analysis of the variability of fixation. All subjects fixated on the central fixation 127 mark provided, although the amblyopic eye was less steady than the fellow fixing eye 128 ( Two different types of stimuli were used: a spatio-temporal broadband checkerboard 137 stimulus with chromatic and achromatic contrast modulation (check size = 0.5°, 138 squarewave modulation =16Hz, contrast of 80%, field size of 10° height x12° width) as 139 illustrated in figure 1A , or a narrowband ring stimulus sinusoidal in space and time 140 (spatial frequency = 0.5c/d, temporal frequency = 2 Hz), presented in a Gaussian 141 temporal envelope (sigma = 125ms). For the latter stimulus, as illustrated in figure 1B , 142 there were three different types (RG, BY and Ach) that isolated L/M cone opponent, the 143 S cone opponent or the achromatic (luminance) post-receptoral mechanisms 144 respectively (Mullen et al. 2007 ). The cone contrasts were set to high suprathreshold 145 levels of 11% (Ach), 4% (RG) and 30% (BY). The circular stimulus was viewed as 16° 146 
Experimental protocols 153
For the broadband checkerboard stimulus a standard block design was used, as 154 previously described (Hess et al. 2009b ), composed of alternate presentations of the 155 stimulus and blank (zero luminance) intervals (18 seconds of stimulus presentation, 18 156 seconds of blank, 10 blocks per run, 2 scanning runs). The checkerboard was presented 157 in a 2AFC paradigm within a 3 second cycle; each stimulus presentation was for 800ms 158 with an inter-stimulus interval of 200ms and 1.2 seconds for response. Sinusoidal ring 159 stimuli were presented in a 2AFC paradigm within a 3 second cycle; each stimulus was 160 within a 500ms time window in a temporal Gaussian contrast envelope (sigma=125ms) 161 with an inter-stimulus interval of 500ms and 1.5 seconds for the response, repeated 6 162 times for each condition (18 seconds). A roving baseline design was used whereby each 163 block consisted of four conditions, the 3 types of ring stimuli (Ach, RG, BY) and a blank 164 (mean luminance) interval with a fixation dot, as previously described (Mullen et al. 165 2007). The presentation order of these four conditions was pseudo-randomized from 166 block to block with each block being presented 10 times in each of two scanning runs.. stimuli, dummy button presses were made. For the ring stimuli during the fixation 174 epoch, a similar contrast discrimination task was performed on a small white annulus 175 surrounding the black fixation spot (Mullen et al. 2007 ). During scanning sessions 176 feedback on the task was not given and % correct data were not recorded. The contrast 177 difference between stimulus pairs was large enough to be distinguishable by a normal 178 eye (>90% correct on average). In a dummy scanning session, we measured the 179 psychophysical performance using the checkerboard stimuli for the fixing and 180 amblyopic eyes and responses were above 90% correct for both fixing and amblyopic 181 eyes (Hess et al. 2009b ). For the ring stimuli, data collected on a group of normal 182 subjects (n=5) show that the contrast discrimination task was in the > 90% correct range 183 for Ach, RG and BY stimuli, with no significant difference between these three 184 conditions. During all experimental paradigms participants viewed the central fixation 185 mark monocularly and a tight-fitting eye patch was used to occlude the other eye. The 186 same stimuli were presented to both amblyopic and fellow eyes and both the subject's 187 eyes were tested in the same scanning session. 
LGN localization 210
Left and right LGNs were localized in each participant using both anatomical and 211 functional data.
LGN localization data were acquired in a separate scanning session 212 conducted under binocular viewing conditions. During scanning, participants viewed 213 alternating blocks of the high contrast squarewave checkerboard and the blank intervals 214 with a small dim fixation dot, as described above (see 'Stimuli') but with binocular 215 rather than monocular viewing. Localization was based on the average of 2 scanning 216 runs. Data were analyzed for each individual participant using a GLM analysis and 217
statistical maps of t-values were visualized at the FDR corrected (Benjamini and 218
Hochberg 1995) level of q < 0.001.
LGNs were defined as a stimulus responsive region 219 in the appropriate anatomical location (Kastner et al. 2004 ). Regions of interest (ROIs) 220
were created by first identifying the peak voxel (ie. the voxel whose activity was most 221 reliably correlated with the presentation of the stimulus) within the LGN region, then a 222 cube of 1000 mm 3 (10mmx10mmx10mm) was centered on the peak voxel and the region 223 of interest was defined as all voxels within the cube contiguous with the peak voxel 224 whose activity in response to the checkerboard stimulus was above threshold (q < 225 0.001). The Talairach coordinates of all the LGNs are given in Table 2 . 226 227
Identification of cortical visual areas 228
Retinotopic mapping was performed using standard techniques (Dumoulin et al. 2003) . 229
Both polar angle and eccentricity maps were visualized on flattened representations of 230 the cortical surface to allow the boundaries between visual areas to be defined. Only 231 voxels within each cortical area that were activated significantly (FDR corrected q < 232 0.001) during binocular viewing of the LGN localization stimulus (see above) were 233 included in the cortical ROIs to ensure that non-responsive voxels were excluded. 234
Data analysis 236
Data analysis was conducted with the commercially available Brain Voyager analysis 237 package version 1.9.10 (Brain Innovations, Maastricht, The Netherlands). Functional 238 scans were high-pass filtered and motion corrected using subroutines within Brain 239
Voyager. They were then aligned to each subject's high resolution anatomical images 240 (resampled at 1mm 3 ) and transformed to Talairach space (Talairach and Tournoux 241 1988). Time series data were extracted from the LGN region of interest for each 242 individual participant using an event related averaging paradigm. For checkerboard 243 stimuli, time series data were normalized to the preceding 2TRs (when the subject was 244 viewing the blank) to provide a baseline for the %BOLD change measure. Average 245 %BOLD change was calculated as the average %BOLD values within a temporal 246 window starting 4TRs (6 seconds) after the onset of the stimulus and ending 4TRs after 247 the offset of the stimulus. For the sinusoidal ring stimuli, %BOLD change for each 248 stimulus type was calculated by normalizing to the last 4TRs of the fixation blocks. 249
Average %BOLD change was then calculated using the same approach described above 250 with the exception that the averaging window was lagged by 1TR (3 secs) for this 251 protocol as stimuli were not separated by a fixation interval. 252
253
For the checkerboard stimuli, %BOLD change data were analyzed using paired t-tests to 254 compare activation generated by fellow eye stimulation with that generated by 255 amblyopic eye stimulation for the LGN and each cortical area separately. For the 256 sinewave ring stimuli, within subjects ANOVAs (degrees of freedom adjusted for 257 sphericity using the Huynh-Feldt correction) with factors of Eye (amblyopic vs. fellow) 258
and Chromaticity (Ach vs. RG vs. BY) were used to test for a differential pattern of 259 responses between the activity generated by each eye for the different stimuli, as 260 indicated by a significant interaction between Eye and Chromaticity. This analysis was 261 performed separately for the LGN and V1. Data from extra-striate visual areas were 262 analyzed together in the first instance using an AVOVA with factors of Eye, 263
Chromaticity and Visual Area (V2, V3, VP, V3A and V4). As this analysis gave 264 significant effects, separate ANOVAs were then conduced on each extra-striate area 265 separately. ANOVAs were followed up by post-hoc paired t-tests (2-tailed) that were 266 within subject statistical evaluation was undertaken for which SEMs are the more 383 relevant indicator of variability. In the LGN, the best response for the fixing eye is to the 384 L/M cone opponent modulation, whereas this produces the poorest response for the 385 amblyopic eye. In striate and extra-striate cortex, the fixing eye stimulation produces 386 the best response to chromatic stimuli whereas for the amblyopic eye the opposite is 387 true; the best response is to the achromatic stimulus (figure 3). Thus in the cortex, the 388 selective loss includes both types of chromatic response rather than just the L/M cone 389 opponent response. 390
Discussion
393
In a previous investigation we showed, using a broadband checkerboard stimulus with 394 combined luminance and colour contrast, that there was reduced activation for 395 amblyopic eye stimulation in the LGN (Hess et al. 2009b) . Here we first demonstrate 396 that this loss extends to both striate and extra-striate cortex. Second, we have 397 investigated the selectivity of these losses by comparing fixing and amblyopic eye 398 responses to spatio-temporal narrowband stimuli that were defined by either 399 luminance, L/M cone opponent or S cone modulation. The thalamo-cortical pathway is 400 
